Superconducting crystals of La2CuO4+ prepared by high-pressure oxygenation have been analyzed by Ramán spectroscopy. A direct comparison of the role of excess oxygen was made by examining the same crystals with and without excess oxygen. La2CuO4+, like non-superconducting La2CuO4.O, is found to have a soft phonon that drives an orthorhombic to tetragonal phase transition. In both its tetragonal and orthorhombic forms, La2CuO4+ has a phonon peak at 630 cm1 that is absent in La2CuO4.O. The frequency of this peak is suggestive of a peroxide-like species in La2CuO4+. Surprisingly, the Ag phonons of La2CuO4.O and La2CuO4+ occur at essentially the same frequency. While La2CuO4.O has a well-defined peak from double-magnon scattering, no welldefined double-magnon scattering is observed in La2CuO4+, even in its phase-separated form.
. convert La2CuO4O into a superconductor in another manner, namely, by putting excess oxygen into the structure by heat treatment in high-pressure oxygen, giving La2CuO4+ (SC-214) [1] . The resulting materials have average oxygen stoichiometries of about 4.03 -4.04, superconducting transition temperatures, T, of up to 39 K, and superconducting volume fractions of about 50%. From the viewpoint of charge balance, introducing excess anionic oxygen achieves the same effect as does substituting Ba or Sr (formal valence +2) for La (formal valence +3).
While it is accepted that Ba and Sr substitute for La on the La site, the structural location of the excess oxygen of SC-214 is not well established. Similar uncertainty is associated with the valence and local bonding of the excess oxygen. Early measurements of oxygen content by gravimetric analysis and chemical titration suggested that the excess oxygen was in the form of superoxide, 02' [1] . This view was supported by analysis by photoelectron spectroscopy [2] . Other research has suggested that the excess oxygen is in the form of peroxide, 022. For example, neutron diffraction measurements [3, 4] of a single crystal of average composition La2CuO4.032 showed that the excess oxygen resulted in a short 0-0 bond of 1.59A, consistent with bond lengths of peroxides. Fig. lb illustrates the structural position of the excess oxygen as suggested by the neutron diffraction study.
Here, Raman scattering, a vibrational spectroscopy, has been used to examine single crystals of SC-2l4. A direct comparison was made between the same samples with excess oxygen (i.e., SC-214) and after removing the excess oxygen (i.e., nonSC-214). If the excess oxygen of SC-214 is indeed in the form of some dioxygen complex such as 022 or O21, then these species should have local vibrational modes associated with them. Since the vibrational frequency of dioxygen complexes is highly sensitive to the valence of the complex, then vibrational analysis of SC-214 should help clarify the nature of the excess oxygen.
EXPERIMENTAL
Superconducting crystals of La2CuO4+ (SC-2l4) were prepared by heating nonsuperconducting La2CuO4.O (nonSC-2l4) in 3 kbar of O at 550-575°C [5] . La2CuO4.O crystals treated in this manner show onsets of superconductivity at 39 K, as determined by magnetization analysis. A direct comparison of the effect of the hyperstoichiometric oxygen of SC-214 was made by examining the same crystals by Raman spectroscopy before and after removing the excess oxygen by heating in N2. Raman measurements were made in a 1 800 backscattering geometry using either 488-nm or 514.5-nm excitation. The crystallographic orientation of the single crystals was determined by x-ray Laue diffraction.
RAMAN SCATTERING RESULTS OF SUPERCONDUCTING La2CuO4+
La2CuO4+ undergoes a tetragonal (space group 14/mmm) to orthorhombic (space group Cmca) transition upon cooling. The T-O transition temperature is strongly dependent on the exact oxygen content of the sample. For example, the T-O transition occurs at about 530 K for La2CuO4.O [6] . In contrast, the SC-214 samples of this study are tetragonal at room temperature (RT) and the T-O transition occurs at about 280 K [7] . The Raman-active phonons allowed in the I4/mmm structure are 2 of Aig symmetry and 2 of Eg symmetry (see Table 1 ). In the upper Raman spectrum of Fig. 2 , two Aig phonons are observed at 219 and 427 cm1 at RT in tetragonal La2CuO4+. The orthorhombic Cmca structure has additional Raman-active phonons (see Table 1 ). The lower spectrum (77 K) of Fig. 2 shows 4 of the 5 Ag phonons of orthorhombic SC-214. At lower temperatures (4 K), the remaining Ag mode becomes well defined. The frequencies of the five Ag phonons of SC-214 are listed in Table 2 . La2CuO4+ has an additional feature not present in La2CuO4.o; namely La2CuO4+ separates into two distinct orthorhombic phases upon cooling [8] . The phase separation temperature is strongly dependent upon the exact amount of excess oxygen. For example, the material used in the study of Jorgensen et al. [8] undergoes the 14/mmm to Cmca transition at about 430 K and phase separation into two orthorhombic phases occurs at about 320 K. In contrast, the samples of the present study contain a greater amount of excess oxygen and the phase separation occurs at a lower temperature, about 260 K [7] . Both structures of the phase-separated material are now thought to be Cmca [4] :
Ortho. II Cmca Neutron diffraction analysis [3, 4] of a crystal prepared in the same manner as the crystals of the present study has established that one of the two coexisting phases is La2CuO4.O. The other coexisting phase contains the excess oxygen and has approximate composition La2CuO4.05. Interestingly, the existence of these two coexisting phases is not obvious in the Raman data, even at liquid helium temperatures. Specifically, no splitting of the five Ag phonons is observed in Fig. 2 , as might be expected from two different phases with slightly different lattice parameters and vibrational force constants.
The orthorhombic Cmca phases differs from the tetragonal I4Immm phase by a nearly rigid rotation of the .Cu-O octahedra. This rotation is a Raman-active vibration and exhibits soft mode behavior in SC-214 as in nonSC-214. As shown in Fig. 2 , the Ag phonon at 125 cm1 at 77 K has softened to 1 17 cm1 at 180 K. This phonon could only be traced to about 250 K; above this temperature the phonon was not observable. Figure 3 shows the temperature dependence of the soft phonon of SC-214 and also of nonSC-214. Since the soft Ag mode is present only in orthorhombic La2CuO4+ but not in the tetragonal phase, the disappearance of the soft Ag mode around 250 K is consistent with the T-O transition observed by other techniques near 280 K [4, 7] .
A substantial difference does exist between SC-214 and nonSC-214 when examined in an x(yy) polarization geometry. As shown in Fig. 4 , SC-214 has a scattering peak at 630 cm1 at both RT and 77 K, showing that it exists in both the tetragonal and orthorhombic (phase-separated) forms. In contrast, this peak is absent from nonSC-214 at all temperatures examined. There are two sources of Raman scattering peaks in La2CuO4+: phonon scattering and magnetic scattering. (An additional source of intensity is electronic scattering. However, this scattering, if present, will be in the form of very broad features, i.e., a continuum.) It is unlikely that the peak at 630 cm1 results from magnetic scattering since SC-214 does not have the long range magnetic order necessary for well- defined magnon scattering. Below its Néel temperature of '-300 K [6] , nonSC-214 is antiferromagnetic and well-defined two-magnon (spin pair) scattering occurs at about 3000 cm1 [9] . One manon scattering would be expected at roughly half of this value, which is still well above the 630-cm I peak. Since magnetic scattering can be ruled out, it is concluded that the 630-cm 1 peak of SC-214 is phonon scattering.
One interpretation is that the peak at 630 cm1 is a local phonon mode associated with the excess oxygen in the structure. Following this possibility and literature suggestions that the excess oxygen forms a dioxygen complex in the structure, it is interesting to compare the frequency of OX vibration as a function of 0-0 bond distance. As seen in Fig. 5 , the 0-0 vibration becomes weaker with increasing 0-0 bond distance. Fig. 5 also plots the 630-cm1 frequency versus the short 0-0 bond length observed by neutron diffraction for La2Cu04.o8 [4] . While this interpretation cannot be rigorously defended (see below), the relationship would suggest that if the 630-cm1 peak is indeed from dioxygen vibration, then the dioxygen complex is more like peroxide (022) than like superoxide (02.1). The observed polarization dependence of the 630-cm1 peak is qualitatively consistent with the structural model proposed by Chaillout et al. [3, 4] As illustrated in Fig. 1 , the short 03-04 bond of 1.59A lies largely within the x-y plane. Therefore, vibration of 03-04 along this bond should have a large effect on the polarizability measured by (yy) polarization and a smaller influence on the polarizability measured by (zz) polarization. The experimental observations are consistent with this intuition --the 630-cm1 peak is strong for (yy) polarization (Fig. 4) but is absent for (zz) polarization (Fig. 2) .
Despite the reasoning listed above, the 630-cnr1 peak cannot be definitely assigned to vibration of a dioxygen complex. The excess oxygen can be viewed as a defect that disturbs the long range order of the lattice and thus relaxes selection rules associated with momentum conservation. By this process, vibrational modes that are not normally allowed can gain Raman intensity. That is, the 630-cm1 peak may be a non-zone-center phonon of the La2CuO4.O structure that is observed when the long-range periodicity of the structure is broken by oxygen defects. Alternatively, the SC-214 structure may have a larger unit cell (or superstructure) than the underlying La2CuO4.O structure. This larger unit cell could have additional Raman-allowed phonons not related to the dioxygen species and the 630-cm1 peak could be such a phonon.
Despite the complications discussed above, several conclusions can be drawn. The 630-cm1 peak of SC-214 is of phonon origin. Since it is not present in nonSC-214, the 630-cm1 peak results from the introduction of excess oxygen into the structure. Further, the 630-cm1 peak is not related to either the orthorhombic distortion or phase separation since it occurs in tetragonal SC-214. As discussed further in the next section, the presence in the tetragonal phase indicates that the 630-cm1 peak is not one of the multi-phonon peaks observed in orthorhombic La2CuO4.O. Fig. 6 shows the Ag modes as a function of temperature and Fig. 3 shows the temperature dependence of the soft phonon responsible for the T-0 transition. Several comments are in order comparing SC-214 and nonSC-214. First, the temperature dependence of the soft Ag mode is nearly identical for the two materials below about 250 K. However, the soft mode of SC-214 essentially disappears above about 250 K, roughly the temperature at which phase separation and the T-0 transition occurs. Second, the Ag phonons of orthorhombic SC-214 and orthorhombic nonSC-214 occur at essentially the same frequency (see Table 2 ). This insensitivity to the excess oxygen is surprising in view of the rather large structural distortion (see Fig. ib ) that the majority ('70% [4] ) of the sample has undergone at low temperature. Third, when compared to the 227-cm1 phonon (La vibration) of each material at low temperatures, the soft mode in SC-214 (Fig. 2) is less intense than the soft mode of nonSC-214 (Fig. 6 ). Whether this difference arises from such factors as the relative strength of the orthorhombic distortion in two materials or from the coexistence of two orthorhombic phases in SC-214 can only be speculated upon at this time. Fourth, compared to the La vibration at 227 cm1, the axial-oxygen vibration (01 in Fig. la) at 427 cm1 is more intense in SC-214 than in nonSC-214. Fifth, the peak width of the 427-cnr1 phonon is broader in SC-214 than in nonSC-214. It is suggested that the additional width in SC-214 results from a decreased lifetime arising from enhanced electron/phonon coupling in the metallic (superconducting) material relative to the insulating (non-superconducting) form.
The final comparison between SC-214 and nonSC-214 concerns the structure that is present above about 700 cm' in the spectra of Fig. 4 . For nonSC-214, these high-frequency peaks have been interpreted as either second-order phonons enhanced by some resonance process [12] or magnetic scattering from a spin density wave in the antiferromagnetic structure [13] . For SC-214, this high-frequency structure is largely absent at RT (Fig. 4a) but is present at lower temperatures (Fig. 4b) . It can be argued as follows that these high frequency peaks are not magnetic in origin. One or both of the phase separated structures of SC-214 must be superconducting. Superconductivity in the Cu-O-based materials is well known to destroy the long range antiferromagnetic order that is present in the insulating parent materials. Examination of SC-214 at low temperature has revealed no well-defined two-magnon (spin-pair) scattering, as occurs in nonSC-214 at about 3000 cm1 [9] . This establishes that neither of the phase separated orthorhombic forms of SC-214 has the long-range magnetic order necessary for the observation of well-defined magnetic scattering from a spin density wave. Therefore, one reaches the conclusion that the high-frequency structure of Fig. 4 is not of magnetic origin but is of phonon origin. Further, the structure appears to be related to the orthorhombic distortion since it develops in conjunction with the distortion.
SUMMARY
In certain aspects, the excess oxygen of La2CuO4+x (SC-214) has little influence on the Raman-allowed phonons. For example, at low temperature, five Ag phonons are found at essentially the same frequency in both SC-214 and nonSC-214. Further, like nonSC-214, SC-214 has a softmode phonon associated with the orthorhombic to tetragonal transition and the temperature dependence of this mode below about 250 K is nearly identical in the two materials. However, key differences do exist between SC-214 and nonSC-214. Unlike nonSC-214, the soft Ag phonon of SC-214 is only observed below about 250 K, approximately the temperature of phase transition and phase separation [4, 5, 7] . In both its tetragonal and orthorhombic forms, SC-214 has a phonon peak at 630 cm1, unlike nonSC-214. If this peak results from a local vibrational mode of a dioxygen species in the structure, then the observed frequency is consistent with peroxide but not superoxide. Finally, at low temperature (i.e., in its phase separated form), SC-214 does not have a well-defined double-magnon scattering peak, in contrast to nonSC-214. This shows that neither of the coexisting orthorhombic phases of SC-214 is simply the antiferromagnetic phase La2CuO4.O.
